Friis, E. M., P. R. Crane, and K. R. Pedersen. 2018. Tanispermum, a new genus of hemi-orthotropous to hemianatropous angiosperm seeds from the Early Cretaceous of eastern North America.
1983) and also from the Eocene to Pliocene lignites of northern Europe (e.g., Kirchheimer, 1937; Mai, 1995) and Siberia (e.g., Dorofeev, 1963; Nikitin, 1965) . Similarly, in North America, the classic permineralized fruit and seed flora of the Clarno Formation (Manchester, 1994) , as well as several other floras from the Paleogene and Neogene (e.g., Tiffney, 1979; Stockey and Pigg, 1991; Pigg et al., 2008) , have also proved influential in the critical documentation of systematic affinities and the recognition of extinct taxa. The discovery of rich mesofossil floras from the Cretaceous provides the opportunity to extend these studies into earlier phases of angiosperm evolution.
Mesofossil floras from about the middle of the Early Cretaceous (Barremian-Aptian) to the end of the Late Cretaceous (Maastrichtian) contain an enormous diversity of isolated fruits and seeds. These fossils have so far received relatively little attention, but have great potential for supplementing and further developing insights into early angiosperm evolution that have come mainly from the study of fossil floral remains (Friis et al., 2011) . In particular, as in the Cenozoic, some of these fossil fruits and seeds from the Cretaceous have features that are diagnostic of extant taxa and therefore provide important data on the former diversity of extant clades, as well as their minimum age. In this paper, we characterize a distinctive group of seeds from the late Early Cretaceous that significantly expands current knowledge of the early diversity of angiosperms. These seeds are part of a much larger and very diverse group of exotestal angiosperm seeds that are widespread in the early phases of angiosperm evolution (Friis et al., 2018a, b) . Recognition of considerable extinct diversity related to lineages that today are systematically depauperate (e.g., Austrobaileyales, Nymphaeales), underlines the relictual nature of the living groups and suggests the need for caution in extrapolating from living plants to infer the structure and biology of early angiosperms.
MATERIALS AND METHODS
The fossil seeds described here were collected from Early Cretaceous sediments of the Potomac Group at four localities in eastern North America: Kenilworth in Maryland and Drewry's Bluff, Dutch Gap, and Puddledock in Virginia, United States.
Samples from the Drewry's Bluff locality were collected from grey organic-rich fluviatile sands (samples 040, 041, 044-046, 162, 169, 170) exposed along the western shore of the James River, southeast of Richmond in Chesterfield County, Virginia, and from clay balls (samples 163, 164, 198) reworked into the fluviatile sediments. Sediments at Drewry's Bluff are referred to the basal (clay balls) and middle (fluviatile) part of pollen Zone I, indicating an Aptian age (see Friis et al., 2011 for further information on the locality and Doyle and Upchurch, 2014 for a slightly younger, early Albian, age based on Hochuli et al., 2006) .
The sample from Dutch Gap was collected from fluviatile sands, silts, and clays (sample 069) exposed along the James River, Virginia. On the basis of palynology, the sediments were referred to the basal part of pollen Zone I, which is thought to be early Aptian of age (see Friis et al., 2011 for further information on the locality). The mesofossil assemblages from Dutch Gap share many elements with those from the Drewry's Bluff clay balls.
Samples from the Puddledock locality were collected from sands, silts, and clays (samples 082, 083, 156, 181, 195) in the former Tarmac Lone Star Industries (Vulcan Materials Co.) sand and gravel pit close to the Appomattox River and the town of Hopewell, south of Richmond in Prince George County, Virginia. The sediments from Puddledock are referred to the basal part of pollen Subzone II-B indicating an early to middle Albian age (see Friis et al., 2011 for further information on the locality).
Samples from the Kenilworth (Bladensburg) locality were collected from grey clay deposits (samples 060, 174) in an abandoned clay pit immediately north of Washington, D.C. in Prince George's County, Maryland. Sediments from Kenilworth are referred to the basal part of pollen Subzone II-B indicating an early to middle Albian age (see Friis et al., 2011 for further information on the locality).
Fossil seeds were isolated from the sediment samples and cleaned of adhering mineral matrix using standard procedures (Friis et al., 2009a) . For scanning electron microscopy (SEM) and attenuationbased synchrotron radiation X-ray tomographic microscopy (SRXTM), seeds were mounted on metal stubs with nail polish. For SEM, the fossils were coated with a thin layer of gold and examined using a Hitachi Field S-4300 FE-SEM at 2 kV. For SRXTM, the fossils were examined uncoated at the TOMCAT beamline of the Swiss Light Source of the Paul Scherrer Institute, Villigen, Switzerland (Stampanoni et al., 2006; Friis et al., 2014) . Only SRXTM images are illustrated here. All SRXTM analyses were carried out at 10 keV using a sCMOS detector and a 20 μm thick LAG:Ce scintillator screen with either a 10× objective (isotopic pixel size 0.65 μm; specimens PP54038, PP54043, PP54049, PP54110, PP54156, PP54172-PP54175, PP54177, PP54183, PP54184, PP56569-PP56576, PP56587) or 20× objective (isotropic pixel size 0.325 μm; specimens PP54154, PP54155, PP54157, PP54158, PP54166, PP54171). The seeds were identified as part of a larger survey of seed coat and embryo structure in early angiosperms using SRXTM (e.g., Friis et al., 2015) . Reconstructions based on the SRXTM data were made using Avizo software (9.1.1; Thermo Scientific, Waltham, MA, USA) and Photoshop CS5 Adobe (San Jose, CA, USA) was used in a few cases to create an even black background.
We compared Tanispermum to extant and fossil seeds using the extensive published literature including the comprehensive study of dicotyledonous seeds by Corner (1976) and Anatomia Seminum Comparativa edited by Takhtajan (1985 Takhtajan ( , 1988 Takhtajan ( , 1991 Takhtajan ( , 1992 Takhtajan ( , 1996 Takhtajan ( , 2000 together with our own studies of extant seeds. We also investigated the systematic affinity of Tanispermum by including the fossils in a phylogenetic analysis comprising a broad selection of early-diverging extant angiosperms together with placeholders for eumagnoliids, monocots, and eudicots. The morphological data set was constructed using only fruit and seed characters that could be scored for Tanispermum. The data set was analyzed both unconstrained and also with Tanispermum linked to all branches of a backbone tree based on that of Doyle and Endress (2014) . For each position, the tree length was assessed by calculating the number of required character state changes under parsimony using Mesquite software version 3.2 (Maddison and Maddison, 2017) . A list of characters and the data matrix with taxa used in the phylogenetic analysis of Tanispermum are provided in Appendix S1 (see the Supplemental Data with this article).
All specimens are housed in the paleobotanical collections of the Field Museum, Chicago (PP numbers). Specimens mounted for SEM and SXRTM have separate numbers. For each species, several unmounted specimens are also stored in box-slides under a single number. Raw data from the SRXTM study are housed at Swedish Museum of Natural History, Stockholm, Sweden (S). Videos through the stacks of SRXTM images are provided in Appendices S2A-J (see the Supplemental Data with this article) for each species in transverse and longitudinal sections.
SYSTEMATICS

Angiospermae
Genus-Tanispermum E.M.Friis, P.R.Crane et K.R.Pedersen gen. nov.
Generic diagnosis-Fruit one-or two-seeded, indehiscent, with a thin fruit wall. Isolated seeds single or in pairs, small, bitegmic, and exotestal. Seeds irregularly elliptical, either with a single flattened contact face from the other seed, or with evenly rounded faces. Hilum and micropyle widely spaced and seeds hemi-orthotropous to hemi-anatropous. One set of vascular bundles extends from the hilum to chalaza (raphe). Micropyle in the inner integument (tegmen) differentiated into a thickened plug, and in the outer integument seen as a small irregular, lobed opening. Testa formed from an outer layer of tall palisade-shaped sclerenchyma cells (exotesta) and an inner zone of thin-walled, loosely packed cells (mesotesta/ endotesta), several cell layers deep. Anticlinal walls of the palisade cells unevenly thickened, thicker toward the inside resulting in an obconical cell lumen or thicker toward the outside resulting in a conical cell lumen. Exotestal cells with undulate outer and inner parts of anticlinal walls resulting in stellate-undulate facets and a jigsaw puzzle-like pattern on the seed surface and the inner surface of the exotesta. Tegmen thin except close to the micropyle where it is sclerified. Embryo small. Nutritive tissue cellular.
Etymology-Tanispermum is an anagram of Nitaspermum to indicate similarity to seeds of the fossil genus Nitaspermum (Friis et al., 2018b) and to indicate relationship to Nymphaeales and the families of Austrobaileyales (Illiciaceae, Trimeniaceae and Austrobaileyaceae).
Comments on the genus-Seeds assigned to Tanispermum are similar to seeds of Austrobaileyales (Illiciaceae) and seeds of many Nymphaeales in their bitegmic, exotestal seed coat and the undulating anticlinal walls of the exotesta cells, which results in stellateundulate facets and a jigsaw-puzzle-like pattern on the seed surface. In characters of the seed coat Tanispermum is closely similar to seeds of many extinct Nymphaeales, extinct Illiciospermum Frumin et E.M. from the Late Cretaceous of Kazakhstan, extinct Nitaspermum E.M.Friis, P.R.Crane & K.R.Pedersen (2018a) from the Early Cretaceous of eastern North America and several extinct taxa from Portugal (Friis et al., 2018a) . However, the Tanispermum seeds are distinguished from seeds of all extant Austrobaileyales and Nymphaeales by their hemi-orthotropous to hemi-anatropous organization with the hilum and micropyle widely separated. Only seeds of the extinct nymphaealean genus Symphaenale Takahashi, E.M. Friis et P.R.Crane (2007) from the Late Cretaceous of Japan have a similar organization with hilum and micropyle farther apart than in other anatropous austrobaileyalean or nymphaealean seeds. However, in Symphaenale, the hilum and micropyle are not as widely separated as in most Tanispermum, and the funicle is indurate, forming a short tube around the hilum. Etymology-The species is named for the town of Hopewell, Virginia, United States, close to the Puddledock locality where the fossils were collected.
Description and remarks-The species is based on two fruits, each with two seeds, as well as five pairs of seeds and 16 single seeds found isolated from the fruits. The specimens show some variation in features of the seed coat, but we ascribe this to variation in preservation and treat all Tanispermum specimens from the Puddledock mesofossil assemblages as a single species.
Nine specimens were studied using SRXTM (PP54110, PP54038, PP54043, PP54183, PP54184, PP56574, PP56575, PP75587, PP56597).
The fruit wall is thin and collapsed over the seeds. It consists of small thin-walled parenchyma cells covered by a thin cuticle showing imprints of the fruit epidermis with small polygonal and equiaxial facets. These details are best preserved in the apical part of the fruit (Fig. 3A, C) . There are no remains of vascular bundles preserved. The thin-walled cells of the fruit wall may indicate that the fruit wall was fleshy, but we cannot exclude the possibility that it may have been dry. The fruit was apparently indehiscent.
The seeds are small, hemi-anatropous or hemi-orthotropous, bitegmic and exotestal, with an irregular shape caused by tight packing of the two seeds (Figs. 1-4) . Seeds occurring isolated have a flattened face caused by the neighboring seed, indicating that these seeds were probably derived from two-seeded fruits. The hila of the and the tall palisade cells of exotesta (oi-e) in both, and the position of the hilum (hi), micropyle (mi), raphe (ra), and thickened tissue of mesotesta/endotesta between hilum and micropyle (oi-i) in the upper seed; the chalaza is poorly developed, but is also indicated by the orientation of the slightly elongated rectangular cells of the tegmen (ii) (B volume rendering cut at yz0424; C volume rendering cut at yz0620; E volume rendering cut at xy1161). (D) Seeds viewed from the face of attachment showing the two closely space hila (hi) and the wide space between hilum and micropyle (mi); note that the separation between hilum and micropyle (h-m) is much greater in the lower seed than in the upper seed (as also in A). (F) Detail of hilar region showing the hilum (hi) of both seeds and the seed surface with jigsaw-puzzle-like facets of the exotesta cells. Scale bars = 500 μm (A-E); 250 μm (F). paired seeds are close to each other and seen as a circular to oval scar with an irregular surface (Fig. 1A, D) . In individual seeds, the hilum is widely separated from the micropyle ( Fig. 4A-C ), but the distance between hilum and micropyle varies due to differences in the orientation of the micropyle. In one of the seeds in the pair, the micropyle is oriented toward the same side as the hilum (Figs. 1A, C, D, 2A), and in the other seed, it is oriented toward the side opposite the seed attachment (Figs. 1A, E, 2B). This results in an almost anatropous organization in one of the seeds and an almost orthotropous organization in the other ( Fig. 1A-E) . The seed bundle (raphe) extends from hilum to chalaza and is surrounded by a tissue composed of loosely packed cells of the inner testa (mesotesta/endotesta) (Figs. 2A-E, H, 4C). This tissue is also expanded from hilum to micropyle, perhaps also enclosing a bundle, but unequivocal vascular tissue was not observed (Figs. 1B, D, 4C). The micropyle is apparently formed from both integuments, but the inner integument is slightly thickened toward the micropyle and forms a small plug (Fig. 2E, I ). The position of the micropyle is seen on the outer integument as a small irregular and lobed opening (Fig. 1D) .
The chalaza is more or less opposite the micropyle (Fig. 1B, C ). The attachment of tegmen to chalaza is indistinct, and in several specimens, the tegmen is detached from the chalaza. Nevertheless, the position of chalaza is indicated by the orientation of the cells of the tegmen that radiate from chalaza toward the micropyle (Fig. 1B, C, E), and also by rare specimens where the integument and chalaza are still attached (Fig. 2G, H) .
The seed coat is composed of a thick outer integument (testa) and a thin inner integument (tegmen) (Figs. 1B, C, E, 2A-F, 3D, F, G, 4C-E). Testa is composed of an outer layer of high palisadeshaped sclerenchyma cells, one cell layer deep (exotesta) and a thinner layer of longitudinal elongate cells, two to three cells deep (mesotesta/endotesta). The exotesta cells are of more or less the same height, about 90 μm tall, over most of the seed, but are thinner in the micropylar region, and also slightly thinner where the two seeds meet (Figs. 1E, 2A, B) . The anticlinal walls are unevenly thickened. In well-preserved specimens, they are heavily thickened toward the outside and thin toward the inside leaving a conical cell lumen that tapers toward the outside (Fig. 3D, F, G) . In other seeds, the cell walls are more or less homogenized and the shape of the lumen less clear ( Fig. 2A-F ), although they also appear to have unevenly thickened cell walls with thinner walls toward the inside.
The anticlinal walls of the exotesta cells are undulate close to the outer and inner surface of the exotesta. On the seed surface, this undulation results in a jigsaw puzzle-like pattern that is created by the stellate-undulate facets of the cells (Fig. 1F) . The undulations can also been seen in tangential sections through the inner side of the exotesta (Fig. 3E) . The undulations are typically simple and not bifurcate. Exotestal cells over the region between the hilum and micropyle are longitudinally elongate and lack the cell wall undulations (Fig. 1D) .
Mesotesta/endotesta is thicker along the raphe and in the hilarmicropylar region where the cells are sclerified (Fig. 2F) . Tegmen is thin, typically with only the outer epidermis preserved. The cells are rectangular, slightly elongate, and arranged in rows that extend from chalaza to the micropyle. In the micropylar area, the cells become smaller and thicker, forming a small plug.
The nutritive tissue is preserved inside the seed coat of a single specimen (PP56574) (Fig. 2G-I ). The tissue is cellular with wellpreserved isodiametric cells with very thin, slightly undulate cell walls. In the micropylar region, a small empty space (Fig. 2I) Anticlinal walls of exotesta cells thin toward the outside and very thick toward the inside, resulting in an obconical cell lumen that tapers toward the inside. Description and remarks-The species is based on two pairs of seeds and a single isolated seed. One pair of seeds (PP54049) was studied using SRXTM. Remains of the fruit wall have not been observed, but the packing of the two seeds, as well as the contact face on the isolated seed, strongly suggests that seeds were borne in two-seeded fruits. The seeds are small, hemi-anatropous to hemiorthotropous, bitegmic and exotestal, irregular in shape and tightly appressed to each other with pointed micropylar end and rounded chalazal end (Figs. 5A-D, 6A, B) . The isolated seed is irregular with a flattened contact face from another seed. The hila of the paired seeds are close to each other. They are covered by fragments of tissue with an apparently papillate surface (Fig. 5B) .
Distinguishing features for Tanispermum marylandense-See
As described for Tanispermum hopewellense, the hilum and micropyle are widely separated, and the distance between hilum and micropyle differs considerably in the two seeds of the two seed pairs. In one of the seeds, the micropyle is oriented in the same direction as the hilum, and the distance to the hilum is about 0.3 mm (Fig. 5B ). This seed is almost anatropous. In the other seed, the micropyle is oriented toward the opposite side, and the distance between hilum and micropyle is about the full length of the seed (Fig. 5B-D) . This seed is almost orthotropous. As in Tanispermum hopewellense, the raphe that extends from hilum to chalaza is surrounded by expanded, loosely packed cells of the mesotesta/endotesta (Figs. 5C, D, 6A, C). The region between hilum and micropyle has similarly expanded, loosely packed cells in the inner part of testa.
The seed coat is composed of a thick outer integument (testa) and a thin inner integument (tegmen) (Figs. 5C, D, 6A-D) . The exotesta is one cell deep and composed of high palisade-shaped sclerenchyma cells. These cells are more or less the same height, about 90 μm tall, over most of the seed, but thinner in the micropylar region and slightly thinner where the two seeds meet (Figs. 5C, D, 6A, B) . As in Tanispermum hopewellense, the anticlinal walls of the exotestal 
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cells are unevenly thickened, but in the seeds of T. marylandense the thickening is pronounced toward the inside of the exotesta, while cell walls are thinner toward the outside (Fig. 6A-D) . Toward both the outside and inside, the anticlinal walls are undulate resulting in stellate-undulate facets and a jigsaw puzzle like pattern on the seed surface as well as to the inside of exotesta. The undulations can also been seen in sections through the inner side of exotesta (Fig. 6D) . The folds are typically simple and do not bifurcate. The uneven thickenings of the anticlinal walls of the exotesta cells results in an obconical lumen that tapers toward the inside. The mesotesta/endotesta is poorly preserved and mostly seen in the hilar-micropylar region, along the raphe and in the chalazal region where the cells are sclerified (Fig. 6D ).
There are no remains of embryo or nutritive tissue inside the seed coat.
Tanispermum drewriense E.M.Friis, P.R.Crane &K.R.Pedersen sp. nov. (Figs. 7, 8) Specific diagnosis-As for the genus, with the following additions: Fruit one-seeded or sometimes two-seeded. Seeds mostly single. Seeds narrowly elliptical in lateral view with rounded faces. Hilar scar elongate elliptical. Anticlinal walls of exotesta cells very thick toward the inside, and thinner toward the outside, resulting in a small conical cell lumen that tapers toward the outside. Table 1 . Type locality-Drewry's Bluff on the James River, south of Richmond, Chesterfield County, VA. USA (37°25′30″N; 77°25′15″W) .
Distinguishing features for Tanispermum drewriense-See
Dimensions-Length
Etymology-The species is named for the Drewry's Bluff at the James River, Virginia, United States, where the fossils were collected.
Description and remarks-The species is based on a single pair of seeds and 47 isolated seeds sometimes with persistent remains of the thin fruit wall. Single seeds usually do not show obvious impressions from other seeds and were probably borne in one-seeded fruits. Twelve specimens were studied using SRXTM (PP54156, PP54166, PP54172-PP54175, PP54177¸ PP56569-PP56573). The seeds are small, hemi-anatropous to hemi-orthotropous, bitegmic and exotestal, narrow elliptical in lateral view with pointed micropylar end and rounded chalazal end (Figs. 7A, B, 8A, B) . The hilum is raised and distinct with an irregular, papillate surface (Fig. 7A-C, 8B, C) . The hilum and micropyle are widely separated (Fig. 7A-C) , and the seed is intermediate between anatropous and orthotropous. In all isolated seeds, the hilum is closer to the micropyle than to the chalaza, and the seeds can be characterized as hemi-anatropous. The raphe extends from the hilum to the chalaza, which is opposite the micropyle (Fig. 7B) and is surrounded by loosely packed cells (Figs. 8D, E) . In the region extending from hilum to micropyle, there is a similar layer of loosely packed cells (Figs. 7B, 8D ) that may also contain a vascular bundle. The area between hilum and micropyle is typically straight or slightly concave (Figs. 7A-C, 8A ). The micropyle is marked on the outer integument by a small irregular opening (Fig. 7C, 8C) . The inner integument is thickened toward the micropyle and forms a small sclerified thickening resembling an operculum (Fig. 7D-H) .
The seed coat is formed from a thick exotesta of high palisadeshaped sclerenchyma, about 100 μm tall and one cell layer deep. The anticlinal cell walls are strongly undulate toward the inside and outside, forming a distinct jigsaw puzzle-like pattern on the seed surface (Fig. 8A, C, F) , except over the region between hilum and micropyle where the outlines of the anticlinal walls are narrowly elongate with unfolded walls (Fig. 7C) . The cell lumen of the exotestal cells are not well preserved, but are unevenly thickened, apparently with the most prominent thickenings toward the inside of the seeds, resulting in a conical cell lumen tapering toward the inside of the seed (Fig. 8E) . Mesotesta/endotesta is poorly preserved. Tegmen is thin with the outer epidermis consisting of flattened cells with rectangular facets arranged in rows extending from chalaza to micropyle (Fig. 7B, D, E) . Close to the micropyle, the cells become smaller and sclerified ( Fig. 7F-H) .
Tanispermum antiquum E.M.Friis, P.R.Crane &K.R.Pedersen sp. nov. (Figs. 9, 10) Specific diagnosis-As for the genus with the following additions: Fruit one-seeded. All seeds occur singly. Seeds broadly elliptical to circular in lateral view. Hilar scar circular. Anticlinal wall of exotesta cells very thick toward the outside and thin toward the inside, resulting in a small conical cell lumen that tapers toward the outside. Table 1 .
Distinguishing features for Tanispermum antiquum-See
Dimensions-Length of seeds: 0.9-1 mm; width of seeds: 0.75-0.9 mm.
Holotype designated here-PP54171 (Drewry's Bluff sample 163; illustrated here in Fig. 9A, B, F) .
Paratypes designated here-PP54158 (Drewry's Bluff 163); PP54154, PP54155 (Drewry's Bluff sample 164); PP54157, PP54158 (Drewry's Bluff sample 198). 
Other material-PP56557 (Dutch Gap sample 069).
Repository-Paleobotanical
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Type stratum and age-Clay balls reworked in the Potomac Group. Pollen Zone I, Early Cretaceous (late Barremian-early Aptian).
Type locality-Drewry's Bluff on the James River, south of Richmond, Chesterfield County, VA. USA (37°25′30″N; 77°25′15″W).
Etymology-The species is from Latin antiquis: old to indicate that the specimens from the Drewry's Bluff clay balls are the oldest among the seeds described her
Description and remarks-The species is based on 11 isolated seeds, of which five specimens were studied using SRXTM (PP54154, PP54155, PP54157, PP54158, PP54171). None of the seeds was found enclosed in a fruit, but on the basis of seed shape and their similarity to seeds of Tanispermum drewriense that occur in one-seeded fruits, we infer that the seeds of Tanispermum antiquum were also produced by one-seeded fruits. The seeds are small, hemi-anatropous, bitegmic, and exotestal, elliptical to almost circular in lateral view, slightly pointed to rounded at the micropylar end and rounded at the chalazal end ( Fig. 9A-E) . The hilum is raised and distinct with an irregular surface of loosely packed cells (Fig. 9A-C) . The hilum and micropyle are widely separated ( Fig. 9A-C) , and the seed is intermediate between anatropous and orthotropous. As in the seeds of other species of Tanispermum, there is wide space between the hilum and micropyle (Fig. 9B-D ) that may contain a vascular bundle, and a raphe that extends from hilum to the chalaza, opposite the micropyle. The micropyle is marked on the surface of the exotesta as an irregular opening covered by lobes of the outer integument (Fig. 9D) . The inner integument is thickened around the micropyle, forming a small plug (Fig. 9E) . The seed coat is derived from two integuments. The cells of the seed coat are better preserved in one specimen (Fig. 10A, B) , but homogenized in all other species studied using SRXTM (Fig. 10C, D) . However, 
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enhancing contrast and brightness levels using Avizo software in specimens with homogenized cell walls (Fig. 10D ) reveals the shape of the cell lumen and the distribution of cell wall thickenings in the exotestal cells (Fig. 10C) . The exotesta is about 50-70 μm thick, and of more or less the same thickness over most of the seed, except in the micropylar region where it is thinner. The exotesta is composed of one layer of palisade-shaped cells with unevenly thickened cell walls. Close to the seed surface, the anticlinal walls are strongly thickened, but close to the inner surface of the exotesta, the anticlinal walls are very thin (Fig. 10A,  B) . This uneven thickening results in a conical cell lumen that tapers toward the outside (Fig. 10A-C) . Both the outer and inner anticlinal walls of the exotesta cells are undulate resulting in stellate undulate facets and a jigsaw-puzzle-like pattern on the seed surface. The folding is simple, and only a few of the lobes are bifurcate (Fig. 9F) . Mesotesta/endotesta is poorly preserved. The tegmen is thin. There are no remains of embryo or nutritive tissue inside the seed coat.
DISCUSSION
Distinguishing features of Tanispermum and Tanispermum species
Seeds of Tanispermum are typically found either in pairs or singly, often without adhering fruit tissue. However, in the few fruits that have seeds enclosed, the fruit is indehiscent, and the fruit wall is thin. Usually the fruit wall is collapsed and composed of thinwalled cells covered by a thin cuticle. Whether the fruit was originally dry, or a one-to two-seeded berry, cannot be established with certainty from the material available.
Seeds of Tanispermum hopewellense and T. marylandense have been observed in two-seeded-fruits and often occur in pairs. When isolated, they typically have a single flattened face that indicates contact with another seed. This pattern suggests that the seeds were derived from two-seeded fruits with seeds that were tightly adherent, but not fused. In contrast, seeds of T. drewriense mostly occur isolated and lack the flattened contact face that is characteristic of seeds formed in pairs. They were probably derived from one-seeded fruits. However, seeds of T. drewriense occasionally occur in pairs, indicating variability in the number of seeds maturing in each carpel. Seeds of Tanispermum antiquum all occur isolated, have evenly rounded faces, and probably developed in one-seeded fruits. Preservation of the seeds varies, and details of the seed coat and micropyle are not always well preserved.
Seeds of Tanispermum antiquum from the Drewry's Bluff clay balls are typically compressed, and the cell walls are usually homogenized, but the critical features uniting the genus have been observed in all four species. All species of Tanispermum have small, hemi-orthotropous-hemi-anatropous, bitegmic and exotestal seeds with the exotesta composed mainly of a prominent layer 
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of tall palisade-shaped sclerenchyma cells with strongly, but unevenly, thickened cell walls. In T. hopewellense, T. drewriense, and T. antiquum, the cell wall thickenings toward the outside of the seed are pronounced, which results in a conical cell lumen that tapers toward the outside. In Tanispermum marylandense, the cell wall thickenings are toward the inside of the seed, which result in an obconical cell lumen that tapers toward the inside. In all four species, the anticlinal walls are undulate. Both the outer and inner parts of the anticlinal walls are undulate, resulting in a distinct jigsaw puzzle-like pattern on the periclinal walls, both toward the outside and the inside of the seed. Isolated seeds of the four species are mainly distinguished by their shape and size, as well as the shape and size of the exotestal cells (Table 1) . Tanispermum drewriense from the Drewry's Bluff locality has the largest seeds of all four species and is also distinguished by its narrow elliptical outline. There is no overlap in size with T. antiquum, which also occurs at the Drewry's Bluff locality. Tanispermum antiquum is also distinguished by its broadly elliptical to circular outline. Tanispermum antiquum is more comparable in size to seeds of T. hopewellense, but seeds of T. hopewellense differ in their irregular shape and frequent occurrence in pairs. They also have a much thicker seed coat. Seeds of T. marylandense are larger than seeds of T. hopewellense and T. antiquum and are distinguished by the obconical cell lumen of the exotestal cells.
In many specimens, the micropylar region is compressed and difficult to study, but all four species have a lobed micropylar opening in the outer integument and sclerified apical part of the inner integument that resembles an operculum. Most of the seeds are empty and lack remains of the embryo or nutritive tissue, but one specimen of Tanispermum hopewellense has well-preserved nutritive tissue and an empty space from the disintegrated embryo. This specimen shows that the embryo was small and surrounded by copious, cellular nutritive tissue, probably endosperm.
Stratigraphic occurrence of Tanispermum species-Tanispermum
drewriense and T. antiquum are the oldest of the four species and are of Aptian age (or possible Aptian and early Albian age). Seeds of both these species mainly occur isolated and were probably produced in fruits that were predominantly one-seeded. Tanispermum drewriense is known only from the Drewry's Bluff locality, whereas T. antiquum is known from the reworked clay balls of the Drewry's Bluff locality as well as from the Dutch Gap locality. Angiosperm remains are rare in the reworked clay balls from Drewry's Bluff and also in the Dutch Gap mesofossil assemblage, but it is interesting that Tanispermum antiquum is the most common angiosperm in these assemblages. In the fluviatile sediments at Drewry's Bluff, angiosperm remains are more diverse, but seeds of Tanispermum drewiense are also the most frequent angiosperm taxon encountered in these mesofossil assemblages.
Seeds of the two younger species, Tanispermum hopewellense and T. marylandense, from the Puddledock and Kenilworth mesofossil floras, respectively, are early to middle Albian in age and typically occur in pairs, or when isolated, show imprint of another seed. The Puddledock and Kenilworth mesofossil floras from which these seeds were recovered contain rich and diverse assemblages of angiosperm flowers together with isolated fruits, seeds, and stamens. In these two younger mesofossil floras, fruits and seeds of Tanispermum are only a minor component among the angiosperms in the mesofossil assemblage.
Comparison with other fossil seeds
Exotestal seed are common in Early Cretaceous mesofossil floras (e.g., Friis et al., 2011 Friis et al., , 2018a . Among these is a diverse complex of seeds with characteristic palisade-shaped exotestal cells with undulate anticlinal walls that result in stellate-undulate facets and a jigsaw puzzle-like pattern on the seed surface (Friis et al., , 2010 (Friis et al., , 2018a . Most of the seeds are currently unnamed and work to describe or analyze them in detail is in progress (E. M. Friis, P. R. Crane, and K. R. Pedersen, unpublished data), but all are anatropous with the hilum and micropyle closely spaced.
One group among these kinds of exotestal, anatropous seeds was formally described from the Puddledock and Kenilworth mesofossil floras and assigned to six species of Nitaspermum (Friis et al., 2018b) . Seeds of Nitaspermum exhibit features of extant angiosperms in the orders Austrobaileyales and Nymphaeales, but could not be placed in any modern family. They differ from seeds of Tanispermum in having the micropyle adjacent to hilum and also in having a transverse micropylar slit in the outer integument. In addition, in Nitaspermum the palisade cells of exotesta are typically shorter than in Tanispermum, and the anticlinal walls are evenly thickened resulting in a cuboid cell lumen. These same features also distinguish Tanispermum from seeds of Illiciospermum described from the Late Cretaceous of western Kazakhstan (Frumin and Friis, 1999) .
Numerous fossil seeds from Cenozoic deposits, including genera such as Allenbya Cevallos-Ferriz & Stockey (1989) , Braseniella Dorofeev (1973) , Dusembaya Dorofeev (1973) , Eoeuryale Miki (1960 ), Irtyshenia Dorofeev (1972 , Nikitinella Dorofeev (1974) , Palaeoeuryale Dorofeev (1972) , Pseudoeuryale Dorofeev (1972) , Sabrenia Collinson (1980) , Susiea Taylor, DeVore & Pigg (2006) , and Tavdenia Dorofeev (1974) document the extensive diversity of Nymphaeales in the past, but all of these seeds are like extant Nymphaeales in their anatropous organization. Fossil seeds of Symphaenale futabensis Takahashi, P.R.Crane et E.M.Friis, from the Late Cretaceous (early Santonian) of Japan, are more like those of Tanispermum. Symphaenale exhibits a mosaic of features that occur in Cabombaceae and Nymphaeaceae (Takahashi et al., 2007) and is similar in both organization and seed coat to Tanispermum. However, seeds of Symphaenale differ from those of Tanispermum in having the hilum and micropyle closer together and also in having a markedly papillate micropylar plug. Also in Symphaenale, the hilar area is indurate, forming a small cap.
Comparison with seeds of extant angiosperms and systematic assignment of the fossil seeds
Ovules or seeds that are intermediate between anatropous and orthotropous are unusual among angiosperms. In addition, in Tanispermum the mesotesta/endotesta is thicker in the region between hilum and micropyle, and the tissue in this region resembles that along the raphe from hilum to chalaza. The similarity between the tissues on either side of the hilum may indicate the presence of a vascular bundle extending also from hilum to micropyle, resembling what Corner (1976) termed pre-raphe seeds, but no vascular tissue was observed in this region in the fossil. Pre-raphe seeds are reported only for a few groups of angiosperms, including some Urticaceae and Connaraceae (Corner, 1976) , but pre-raphe seeds with an exotestal seed coat comparable to that of Tanispermum are not present in any of these groups. Corner (1976) recognized three groups of bitegmic, exotestal dicotyledonous seeds. Group A has "exotestal cells cuboid or radially elongate, with more or less isodiametric polygonal facets, commonly with the outer wall thickened" (Corner, 1976, p. 46) . This is the most diverse group and includes some Nymphaeaceae (Euryale, Nuphar), Ranunculaceae, Winteraceae, many rosids and Caryophyllales. Group B has "exotestal cells tangentially elongate or fibriform" (Corner, 1976, p. 46) and includes Berberidaceae (including Podophyllum), Lardizabalaceae and several rosid families. Group C has "exotestal cells stellate-undulate" (Corner, 1976, p. 46) and includes Nymphaeaceae (Brasenia, Cabomba, Nymphaea, Victoria) , Illicium (Austrobaileyales), and a few taxa in the rosid families Elaeagnaceae, Lecythidaceae, Melastomataceae, and Sapindaceae.
Tanispermum corresponds to seeds of Group C, and among these, the fossil seeds are only comparable to seeds of taxa in the early-diverging lineages (Austrobaileyales and Nymphaeales). The seeds of Elaeagnaceae, Lecythidaceae, and Sapindaceae differ from those of Tanispermum in their strongly multiplicative testa. Seeds of Melastomataceae differ in the presence of a radicle-pocket as well as characters of the fruit (Corner, 1976) . They also have a larger embryo than Tanispermum.
Among those extant taxa that are part of lineages that diverged early in angiosperm evolution, Amborella Pichon (Amborellaceae) has an ovule and seed organization that may be intermediate between orthotropous and anatropous. Seeds of Amborella have been described as anatropous (Bailey and Swamy, 1948) , hemi-anatropous (Tobe et al., 2000) , or orthotropous or almost orthotropous (Endress, 1994; Endress and Igersheim, 1997, 2000) . However, irrespective of whether they are hemi-anatropous or hemi-orthotropous, seeds of Amborella are very different from those of Tanispermum in having a very thin seed coat and being endotegmic-exotestal (Tobe et al., 2000) .
Among extant Austrobaileyales and Nymphaeales, there are no genera with seeds that are comparable to Tanispermum in organization. Most (Austrobaileya C.T.White, Illicium L., Trimeria Seem., Trithuria Hook.f., Brasenia Schreb., Nuphar Smith, Nymphaea L., Ondinea Hartog, Euryale Salisb., Victoria Lindl.) have anatropous seeds, two (Kadsura Kaempf. Ex Juss. and Schisandra Michx.) have campylotropous seeds, and one (Barclaya Salisb.) has orthotropous seeds. Nevertheless, despite the difference in overall seed organization, several characters of Tanispermum, such as the presence of a small operculum-like structure developed by the protruding micropylar tip of the inner integument, and details of the exotesta cells, strongly suggest a relationship with Austrobaileyales and Nymphaeales.
Fruits of Tanispermum are one-or two-seeded, very different from fruits of Nymphaeaceae that typically have numerous seeds that develop in syncarpous fruits Williamson and Schneider, 1993) . Syncarpous fruits also characterize the nymphaealean floral structures of Monetianthus E.M.Friis, K.R.Pedersen, von Balthazar, G.W.Grimm, & P.R.Crane from the Early Cretaceous Vale de Água mesofossil flora of Portugal (Friis et al., 2009b) and Carpestella von Balthazar, K.R.Pedersen, P.R.Crane et E.M.Friis from the Early Cretaceous Puddledock locality (von Balthazar et al., 2008) , indicating that these were not the fruits that produced Tanispermum seeds.
Among extant Austrobaileyales and Nymphaeales, the one-or two-seeded fruits of Tanispermum are more similar to those of Cabombaceae (Cabomba, Brasenia), which have one-to threeseeded fruitlets derived from apocarpous gynoecia. Seeds of Tanispermum are also very similar to those of Brasenia in details of the seed coat, with one cell layer of tall palisade sclerenchyma cells that have unevenly thickened anticlinal walls and that result in a conical cell lumen. However, seeds of extant Brasenia (and also of Cabomba) differ from those of Tanispermum and other Nymphaeales in having the hilum and micropyle close together and lacking even the small region of separating testa seen in seeds of Nymphaeaceae (Yamada et al., 2001; Friis et al., 2017) . Many taxa of the Nymphaeales also have a distinct germination cap that typically includes both the micropylar region and hilum. This feature has not been observed in Tanispermum although it is not always obvious, even among extant Nymphaeales.
In the Austrobaileyales, the closest match is to Illicium, which is similar to seeds of Tanispermum in having an exotestal seed coat with strongly undulate anticlinal cell walls that form a jigsaw puzzlelike pattern on both outer and inner surface of exotesta. Seeds of Illicium also sometimes have a lobed micropylar opening in the outer integument (Oh et al. 2003) , resembling that of Tanispermum. However, seeds of Illicium are anatropous. Hilum and micropyle are separated by testal tissue, and the hilar scar is sometimes large, but the separating tissue, the strophiole, is bulging and unlike the more extended separating zone of the Tanispermum seeds.
Among other extant plants with exotestal seeds included in Group B and C of Corner (1976; see above) , several taxa in the Ranunculales have small embryos comparable to that in Tanispermum, and several have small, shiny seeds produced in oneor two-seeded fruits, creating a superficial resemblance to seeds of Tanispermum. However, none of these ranunculalean seeds are closely comparable in features of the seed coat.
Hydrastis canadensis L. (Ranunculaceae) is particular similar to Tanispermum in its small, thin-walled fruitlets and one-or twoseeded fruits. In biovulate gynoecia, one ovule is directed upward, the other downward (Endress and Igersheim, 1999) . The seeds are also small and exotestal with an elongate narrow hilar area that superficially resembles the hilar-micropylar region of the hemianatropous Tanispermum seeds. However, in Hydrastis the seeds are anatropous, the hilum is close to the micropyle, and seeds of Hydrastis also differ from those of Tanispermum in having narrow palisade-shaped exotestal cells with very small polygonal facets. The unfolded walls also contrast markedly with the larger exotestal cells of Tanispermum in which the cell outlines are strongly undulate.
Based on the comparison above, the likely systematic position of Tanispermum is with the early-branching lineages of angiosperms. To further evaluate this hypothesis and assess the possible impact of fossils on the systematic relationships among the systematically depauperate taxa at the base of the angiosperm tree, we developed a data set of seed characters for early-diverging angiosperms, using placeholders for eumagnollids, monocots, and basal eudicots. A list of characters and the data matrix with taxa used in the phylogenetic analysis are provided in Appendix S1 (see the Supplemental Data with this article).
An unconstrained analysis of the most parsimonious position of Tanispermum places it with Illicium within Illiciales, but using only seed characters, the relationships of other taxa are very different from those indicated by other studies based on more complete morphological or molecular data sets. Many well-established clades (e.g., eudicots) are not recovered. Analyses taking an alternative approach, using a backbone tree to assess the most parsimonious position of Tanispermum place it (104 steps) as sister to Illicium, sister to the Kadsura-Schisandra clade or sister to Brasenia or Nuphar (Fig. 11) , consistent with the results of the unconstrained analysis and broadly confirming the comparative analysis presented above. However, other positions require only a few more steps and based on the data available even the most unparsimonious position (sister to Magnolia) requires only five more steps (109 steps). Equally parsimonious relationships at 105 steps are to several genera of Nymphaeaceae, again consistent with the preceding comparative analysis. Other positions at 105 steps, which are more distant from Austrobaileyales and Nymphaeales (to Canellales, Acorus and Platanus and other eudicots), seem unlikely, and could easily be excluded with a little more information on the Tanispermum plant (for example, pollen).
Difficulties in achieving better resolution of Tanispermum relationships in large part reflect the relatively restricted number of seed characters available, the difficulties of defining precisely subtle differences in certain seed character states, and incomplete knowledge of both living and fossil plants. As in many other situations where fossil plants are incorporated into phylogenetic studies based on living taxa, the overriding need is for improved character information. The traditional efforts of paleobotanists to reconstruct fossil plants from multiple isolated organs, and otherwise expand the character base on which formal phylogenetic analyses can be based, remain indispensable.
Also problematic is the demise of critical comparative morphological studies of extant taxa in favor of phylogenetic analyses based on molecular data. Without good comparative morphological studies, it is impossible to place fossil material with confidence. Poor knowledge of critical extant taxa is a serious impediment to phylogenetic studies that seek to incorporate fossil material. Inconsistencies in previous treatments and descriptions of the seeds of extant taxa abound. Therefore, in practice, balancing the effort devoted to living and fossil material becomes a serious consideration.
CONCLUSIONS
The fossil record documents that the lineage represented today by extant Nymphaeales has been widespread for over 100 million years, and where the fossil seed record has been studied intensively, as it has been in the Cenozoic, the Nymphaeales have been shown to be highly diverse and ecologically abundant in freshwater environments. Fossil flower, fruit, and seed records from the Cretaceous have received much less attention, but have nevertheless produced evidence of the early importance and structural diversity of Nymphaeales. The discovery of Tanispermum gen. nov., Nitaspermum, and the many other fossil seeds related to the Nymphaeales-Austrobaileyales complex that remain to be described, further highlight the extent to which the relatively few extant genera and species in these ancient lineages are not representative of the morphological diversity that once existed in these groups. This is not only the case for features of the seeds, but likely also applies to variability in gynoecial structure and the number of ovules/seeds per carpel, judging from syncarpous, multiovulate fossils, such as Monetianthus, and probable apocarpous, few-seeded forms, such as Tanispermum.
Except for taxa with orthotropous seed organization, none of the seeds of extant Nymphaeales and Austrobaileyales have the hilum FIGURE 11. Most parsimonious positions of Tanispermum using only seed characters (Appendix S1) on a backbone tree based on that of Doyle and Endress (2014) . The most parsimonious positions of Tanispermum are indicated in red (104 steps), but other positions are only one or few step less parsimonious and even the most unparsimonious position (sister to Magnolia) requires only five more steps (109 steps).
and micropyle as widely separated as in Tanispermum. The unusual hemiorthotropous-anatropous organization may be compatible with the organizational diversity among the few surviving taxa of Amborellaceae-Nymphaeales-Austrobaileyales, which includes orthotropous, hemiorthotropous, campylotrous, and anatropous ovules.
Under the circumstances outlined above and especially in this case where extinct diversity among Nymphaeales already documented in the fossil record is considerable (see Comparison with other fossil seeds), we are left in an uncomfortable situation. We know that the relevant extant taxa are relictual and are likely unrepresentative of the full diversity of the group in the past. But equally it is hard for the relevant fossils to substantially influence patterns of relationship among extant plants because the fossils are relatively poorly known. In such circumstances, it seems prudent to be cautious and to regard the resolution of phylogenetic relationships among the early-diverging angiosperm lineages based solely on extant taxa as heuristically valuable, but fundamentally provisional. Given that Tanispermum comprises only a small part of the large and diverse complex of exotestal angiosperm seeds that are now known from the Early Cretaceous, placing high confidence in the precise pattern of relationships near the base of the angiosperm tree, or in the details of character optimizations at this level, is premature, and unlikely to stand the test of time.
